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Three pcptidcs containing the putative 0” binding loops. I. II and 111, respectively, of a photoprotein, acquorin, from jellyfish Acg~rorcu victoriu 
were synthesired by a solid-phase procedure. The peptidcs bound Co?’ rvilh dissociadon constants of IO-” to IO+ M, providing evidence for the 
assumption that 0” binding loops are actually responsible for the binding ofCa?* . When the highly conserved Gth glycine residue in the 12.residue 
loops was replaced by arginine, no large cffcct was observed on Ca?’ binding. Exposure to a hydrophobic environment and the binding of Ca?’ 

brought about conformational changes to the peptides. 

Aequorin: Calcium binding loop; Solid-phase synchcsis; Dissociation conslant: Conformation; ~cqu~rea vicroriu 

1. INTRODUCTION 2. EXPERIMENTAL 

A photoprotein, aequorin, of jell;yfish Aequoreu vicfo- 
ria occurs as a complex consisting of apoaequorin, coe- 
lenterazine and molecular 02, and Ca” triggers light 
emission [l]. Apoaequorin has been assumed to have 
three Ca?’ binding loops, I, II and III, on the basis of 
their high sequence homologies to the Ca?+ binding 
loops I, III and IV, respectively, of bovine calmodulin 
[2] (Fig. 1). In the Ca” binding proteins, such as cal- 
modulin [3], troponin C [4] and parvalbumin [5], the Ca’+ 
binding loops consist of 12 amino acid residues and are 
flanked by two helices at both ends @F-hand structure). 
The highly conserved Gth glycine residue in the loops 
has appeared to be crucial for constructing a conforrna- 
tion suitable for chelating Ca” [6,7]. In the present 
study, a synthetic approach was undertaken in order to 
investigate whether the putative Ca2’ binding loops in 
apoaequorin actually interact with Ca’+ and whether 
the 6th glycine residue in the loops is essential for the 
binding of Ca”‘. For this purpose, peptides 1 (positions 
20-40), 2 (positions 113-135) and 3 (positions 149-170) 
that cover the loops 1, II and III, respectively, were 
synthesized. Peptides 1’ and 2’, which contain arginine 
in place of the 6th glycine residue in the loops, were also 
prepared. 

Abtircviutiuksrs: BOG r-butoxycarbonyl; Pam, phcnylaceramidomethyl: 
HF, anhydrous hydrotluoric acid; CD, circular dichroism: DMSO. 
dimcthyl sulfoxide; TFE, lrifluoroelhanol; Tns, 2-toluidinylnaph- 
thablc-G-sulfonatc. 
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ofscience, Kyushu University, Higashi-ku, Fukuoka 812. Jupan. Fax: 
(81) (92) 632 2734. 

?,I . Protarwd pepridyl-l- (o.~~~~rreti~~i)~~r~~~fac~tu~~~~do~t~t~~~l resins 
Boc-amino acid-4.(oxymethyl)phenylacetamidomc~hyl (Pam) resins 

(0.43 mmol Ala/g and 0.39 mmol Leu/g) were prepared from amino- 
methylated copoly(styrcnc-divinylbenzene) (1%) resin (200-400 
meshes) and Boc-amino acid-4.(oaymethyl)phenylacetic acid accord- 
ing to Mitchell et al. [8], followed by acetylation of the remaining 
amino groups with acetylimidazolc. Successive additions of Boc- 
amino acids to Boc-Ala- or Boc-Lcu+(oxymethyl)-Pam resin (2.0 g) 
along the sequences were conducted on a Beckman 990E peptide 
synthesizer according to the method of Wong and Merrifidd [9] with 
the use of benzotriazole-I-yl-oxy-lris(dimc~l~y~amino)phosl~h~~~ium 
hexalluorophosphatc and 1 -hydroxybcnzotriazoIe as thccoupling rca- 
gents [IO]. The side chain-protected amino acids employed were ,& 
benzylaspartalc, methionine sulfoxide, NQosylarginine, I\E’“-ben- 
zyloxymcthyl-histidine, NE-2-chlorobenzyloxycarbonyllysine, O-tin- 
zylserine, O-benzylthreoninc, O-benzyltyrosine, N’Vormyltrypto- 
phan and S-acelamidomethylcysteine. 

Protected pcplidyl-4-(oxymethylf-Pam resins (500 mg) were cleaved 
with HF (8.5 ml) in he presence ofp-cresol (I ml) and dimethyl sulfide 
(0.5 ml) for peptides 1 and I’ or ofanisole (1 ml) and l,2-cthsnedithiol 
(OS ml) for pcplidcs 2, 2’ and 3 at O’C for 3 h. No cleavage of the 
S-acetamidomethyl group in peptide 3 was made. After removal of HF 
and extraction with ethyl acetate, crude pcptide was cxtraczd with 
aqueous acetic acid containing HCI and purified by chromatography 
on a Sephadcx G-25 column wilh aqueous acetic acid, followed by 
H PLC on a TSKgrl ODS-GOT column using a solvent system of0. I % 
\rilluoroucetic acid-acctoni\rile containing 20% of O,l% trifluoroace- 
[ic acid. The amino acid compositions of the hydrolysates of purified 
pepiides were well in accord with the theoretical values. 

Tl~c dissociation constams for the binding of Ca” to pcplidcs have 
been dctcrmined polemiomcrrically with an Orion 93-20 calcium ion- 
seleciivc elccvode connected to an Orion 70lA ion meter at pH 8.0 
(0.05 M Tris-HCI containin? 0.1 M NnCI) nnd 25°C. The Ncrnstian 
slope of lhc electrode wus m good agreemenl with the theoretical 
value. The solulion of peplidcs were litrated rvilh CaCll and, at each 

272 



218 A. CABADA AND J. J. NIETO 

given Banach space (E, II II), and a convergent sequence ( xcn} + z in E, it is 

said that the order of convergence is Ic = 1, 2,. . . if there exists A > 0 such 
that 

II x n+ 1 - XII < A II xn - xllk. 

For k = 2 we say that the convergence is quadratic. 

It is easy to see that the convergence of the sequence of the approximate 

solutions given by the monotone iterative technique is very slow. Indeed, 

that convergence is linear but in general, not quadratic. Under some 

convexity conditions, the methods of quasilinearization [l, 21 provide a 

monotone increasing sequence converging uniformly and quadratically to the 

solution. 

It would be very important to give some general methods that give 

monotone sequences converging to a solution with order of convergence 

k> 2. 

To be specific, let us consider the following initial value problem 

u’(t) =.f(t,u(t)), u(O) = uo, t E I= [o, T], T> 0, (1.1) 

where f: I X R + R is a continuous function. 
As usual, we say that (Y E C’( 1) is a lower solution for the problem (1.1) 

if 

a’(t) <f(t>Q(q)> tE I, a(O) < 210. 

Similarly, /3 E C’( 1) is an upper solution for t’he problem (1.1) if 

It is well known [3] that (Y < /3 on 1 implies that there exists at least 

one solution u of (1.1): with 2~ E [a, p] = {v E c(I); a( t> < u(t) < P(t), 

t E I). 

Moreover, if there exists M > 0 such that 

f( t, u) + Mu a f( t, w> + Mu (1.2) 

for every t E I and a(t) < VJ < u 6 p(t), then it is possible to construct 

monotone sequences { LY,} nondecreasing, and { p,} nonincreasing, which 

converge uniformly to the extremal solution C/J and $ of (1.1). We insist 
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Fig. 3. CD spectra of pcptides 1 and 1’ at pH 8.0. Pcptide 1 in butl’er 
without (n) or with 10 mM Ca?+ (a’) and peptidc 1’ in buffer without 
(b) or with IO mM Ct?’ (b’). Peptidr I in 70% TFE without (c)or with 
IO mM Ca!’ (c’) and pcptidc I’ in 70% TFE without (d) or with IO 

mM Cd” (d’). 

6th glycine residue in the loops is highly conserved 
throughout the Ca” binding sites of the calmodulin 
family and is considered essential for constructing a 
conformation suitable to chelate Ca”, the present data 
indicate that the 6th glycine residue need not be essen- 
tial. It has been reported that an apoaequorin mutant 
with arginine at position 29, which corresponds to the 
6th glycine in the loop of domain I, was inactive (O%), 
whereas mutants with the same substitution in the loops 
of domains II and III retain 49 and 97% activity, respec- 
tively [6], The discrepancy in the observations made for 
peptides and proteins remains to be clarified. 

CD spectra indicated that peptides 1 and 1’ are in 
random conformation in buffer both in the absence and 
presence of 10 mM Ca’*. (Fig. 3). However, in the pres- 
ence of 70% TFE, conformations containing 8 and 20% 
a-helix were observed for peptides 1 and l’, respectively 
(Fig. 3). The peptides appear to have the potential to 
form an &helix, although partially, possibly at both 

ends in an hydrophobic environment, such us the inte- 
rior of protein molecules. 

When Tns (15 PM) was titrated with increasing con- 
centrations of peptide 1 or I’, fluorescence of Tns (416 
nm) increased in a hyperbolic manner, indicating that 
Tns is bound to a hydrophobic moiety of the peptides 
(& - 5 mM). When an intermediate Tns-peptide 1 (or 
I’) complex was titrated with increasing concentrations 
of Ca’+, fluorescence increased about 25% in a saturat- 
ing fashion (data not shown). This suggests that some 
conformational changes of the peptides occur accompa- 
nied by the binding of Ca’+. Such conformational 
changes upon the binding of Ca?+ are known for syn- 
thetic peptides of Ca?+ binding site III of bovine calm- 
odulin and rabbit skeletal troponin C [13]. 
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